There is increasing concern about the impacts of microplastics (< 1mm) on marine biota. Microplastics may be mistaken for food items and ingested by a wide variety of organisms. While the effects of ingesting microplastic have been explored for some adult organisms, there is poor understanding of the effects of microplastic ingestion on marine larvae. Here, we investigated the ingestion of polyethylene microspheres by larvae of the sea urchin Tripneustes gratilla. Ingestion rates scaled with the concentration of microspheres.
INTRODUCTION
The growing use of synthetic materials is increasing the prevalence of plastic in the marine environment 1 . It is estimated that 10 % of the 280 million tonnes of plastic produced annually worldwide ends up in the ocean, contributing to 60 -80 % of all marine debris [2] [3] [4] .
Plastics are estimated to last hundreds to thousands of years in marine systems 5, 6 , and are dispersed through the action of waves, currents and fouling activity 7 . The longevity and wide distribution of plastic facilitates interaction with a range of marine organisms.
Research on the impacts of plastics on marine biota has mainly focused on large plastic items which may have direct negative impacts on over 260 species, generally through ingestion and entanglement 4, 8 . However, there is increasing concern about the impacts of smaller plastics on marine organisms about which much less is known 4, 9, 10 . Over time, biological, chemical and physical processes degrade large plastic items into microplastics 1, 9 (< 1 mm in diameter), increasing their availability to marine biota 11 . Being similar in size to plankton and suspended organic particles, microplastics can be mistakenly ingested as food and, as such, are inadvertently consumed by a variety of organisms 9, 12 .
Thus far, over 20 species of marine organisms, ranging from seals 13 to rotifers 14 , have been recorded to ingest microplastics. Only five studies on adult life stages of four species have investigated the biological consequences of microplastic ingestion (Arenicola marina 15 , Mytilus edulis 16, 17 , Placopecten magellanicus 18 , Talitrus saltator 19 ). These studies indicate there is little effect of ingestion of microplastics on the survival of marine organisms 15, 19 , but report sub-lethal effects on immune responses 17 , pseudofeces production 18 , changes in feeding rates and weight loss 15 .
Many marine organisms have a pelagic larval stage. The majority of marine larvae are planktotrophic, relying on small particles similar in size to microplastics as food. Marine larvae have been shown to ingest microplastics in the laboratory 14 . Larvae are highly sensitive to environmental stressors 20 , and ingestion of microplastics could compromise survival or have flow-on effects on post-settlement survival and fitness 21 . The structures of marine communities depend on planktonic larvae to recruit into adult populations 22, 23 . It is therefore important to establish the impacts of microplastic ingestion on marine larvae to underpin effective policy and management actions to address the increasing prevalence of plastics in marine environments.
The aim of this study was to examine the effects of ingestion of microplastic on a marine invertebrate larva. Planktotrophic sea urchin larvae provide a useful model organism to examine the ingestion of microplastic because they are transparent and feed on particles of a similar size to microplastics 24 . In this study we used larvae of the sea urchin Tripneustes gratilla, an ecosystem engineer in benthic communities 25, 26 . T. gratilla has the potential to encounter and ingest microplastics in the ocean during its long (30 -60 days) planktotrophic larval stage 27 . Specifically, we addressed the questions: 1) Do sea urchin larvae consume microplastics in proportion to their concentration in the water column?; 2) Does the presence of food affect ingestion rates of microplastic?; 3) Does biological conditioning of microplastic affect the consumption of microplastic by larvae?; 4) Do microplastics have negative effects on the growth and survival of larvae?; and, 5) Do larvae retain ingested microplastics?
MATERIALS AND METHODS

Study organisms and larval production
Larval T. gratilla were obtained from adult broodstock maintained at the National Marine Science Centre, Coffs Harbour, NSW, Australia (30°12.5'S, 153°16.1'E). Adult T.
gratilla were induced to spawn by intracoelomic injections (1 -2 mL) of 1.0 M KCl.
Gametes were collected in 500 mL beakers containing sea water filtered to 1.0 µm and UV sterilised (hereafter FSW). Sperm motility and egg shape and integrity were microscopically confirmed. Gametes from multiple males and females (n = 3 -6 each sex) were pooled prior to fertilisation. A concentration of 10 6 sperm.mL -1 (in FSW) was used to fertilise the eggs.
Fertilisation success was assessed microscopically by the presence of a fertilisation envelope.
After 15 min, excess sperm was removed by flushing eggs retained in a 45 µm wet sieve with FSW. Embryos were reared in 300 L cylindro-conical tanks containing gently aerated FSW maintained at 26 °C 28, 29 . Larvae were used in experiments five to eight days after fertilisation, corresponding with the onset of feeding 30, 31 .
Effects of microplastic ingestion on larval growth and survival
Commercial polyethylene microspheres (Cospheric UVPMS-BG, 1.004 g.mL -1 density, nominal 10 -45 µm diameter) were used as proxies for microplastics in marine systems. The majority of the microspheres (88%, n = 50) were 25 -32 µm in diameter.
Polyethylene is one of the five main plastics produced today 32 . To determine if T. gratilla larvae ingested microspheres, and if so, whether there were any effects on larval survival and growth, the larvae were exposed to fluorescent green polyethylene microspheres at four concentrations; 1, 10, 100 and 300 spheres.mL -1 (in FSW for the duration of the study 28 .
To assess the number of larvae that had ingested microspheres, 30 larvae per replicate were haphazardly selected and microscopically examined (40 -100 × zoom) each day.
Ingested microspheres were readily visible in the stomach of larvae (Fig. 2a) . On day two it was observed that there was variation between treatments in the number of microspheres ingested. From that point onwards, the number of microspheres ingested per larvae was recorded. Survival in each replicate was assessed daily by scoring the number of live larvae in five randomly collected 5 mL samples.
At day five, all larvae in each replicate were fixed in 10 % formalin. Thirty larvae from each replicate were then haphazardly sampled and photographed under a compound microscope using a mounted digital camera. Larvae were then positioned with their post oral arms parallel to the focal plane prior to being photographed. Quantities of abnormal larvae were scored from the digital photographs. Larvae were defined as abnormal if markedly asymmetric (one post oral arm > 30 % longer than the other), developmentally arrested, had both post oral arms missing or possessed additional arms. Image analysis software (ImageJ, NIH, US) was used to measure the two post oral arms, body width and body length of normal larvae (Fig. 1) . The mean length of the post oral arms (POA) was determined, and the difference in their length was calculated as a measure of arm symmetry. Ratios of POA to body width (POA:BW) and body length (POA:BL) were also calculated.
Effect of food availability on the ingestion of microplastic
To determine whether food availability had any effect on the ingestion of microplastic by T. gratilla larvae, seven day old larvae were starved for 24 h and exposed to microspheres (300 spheres.mL -1 ) in the presence and in the absence of food. Larvae were stocked in ten replicate aerated beakers (800 mL of FSW) at a concentration of 5 larvae.mL -1 . Five replicates were fed with 10 4 cells.mL -1 of P. sulcata, and five were left unfed. At one and six hours, 35 larvae from each replicate were inspected under magnification (× 100) for the presence of microplastics in their stomach. The occurrence and quantity of ingested microspheres were recorded for each larva.
Effect of biological conditioning on the ingestion of microplastics
To determine whether the presence of natural biofilms on microplastics affected the ingestion of microspheres by larvae, microspheres were biologically conditioned prior to larval exposure. Microspheres (500 spheres.mL Twenty five larvae from each replicate were inspected under magnification (× 100)
for microspheres in their stomach after one hour. The number of larvae that had ingested microspheres along with the number of microspheres consumed by each larva was recorded.
Retention of microplastics by larvae
To determine how long larvae retained microplastics in their stomachs, larvae (3 larvae.mL -1 ) were placed in an aerated beaker of FSW containing microspheres (approximately 500 spheres.mL -1 ). After 15 min, all larvae were removed and placed in fresh FSW. Sixty larvae with microplastics in their gut were selected and placed into a separate beaker of clean FSW (400 mL). After one hour, and thereafter at 30 min intervals, 25 larvae were removed and inspected for microplastics in their guts. After each round of sampling, larvae were returned to the test population. To prevent the re-ingestion of egested microspheres, all larvae were moved to fresh FSW at each sampling interval. The experiment was ceased when two consecutive samples contained no larvae with ingested microspheres.
The relationship between proportion of larvae remaining with ingested microspheres and time since ingestion was investigated graphically.
Statistical analysis
Data were analysed using permutational analysis of variance (PERMANOVA 33 ).
This procedure calculates a test statistic, pseudo-F (p-F), which is an analogue of Fisher's Fratio. P-values are then obtained via permutation tests. Relative to traditional parametric tests, PERMANOVA has less stringent assumptions in relation to normality and variance heterogeneity making it particularly useful for ecological data 34 . PERMANOVAs were carried out using Euclidean distance and untransformed data. Monte Carlo p-values were used when permutations were low. Post-hoc pair-wise comparisons were used to test specific hypotheses when significant differences in main analysis involved three or more levels.
RESULTS
Ingestion rates of microplastic by larvae
Larvae that had ingested microspheres were found in all treatments except the control (Fig. 2a, b) . The percentage of larvae with microspheres in their stomachs was highest (31 %) in the 300 spheres.mL -1 treatment on day two (Fig. 2b) . Ingestion of microspheres by larvae was dependent on the microsphere concentration in the water column (Table 1a , followed by post-hoc pair-wise test, Fig.2b ). The quantity of larvae with microspheres in their stomachs was significantly greatest in the two highest concentrations (100 and 300 spheres.mL -1 ),
followed by the 10, 1 and 0 spheres.mL -1 treatments, respectively. The quantity of larvae with microspheres in their stomach generally decreased over time but this trend was not significant (Table S1a ; Fig. 2b ). There was no interaction between concentration of microspheres and time ( Table S1a ).
The highest mean quantity of microplastics ingested (1.8 spheres.larvae -1 ) was observed in the 300 spheres.mL -1 treatment (Fig. 2c ). There were significant differences in the number of spheres ingested by larvae among microsphere concentrations, which formed a hierarchy of groupings with overlapping significance (Table S1b, followed by post-hoc pairwise test, Fig. 2c ). Larvae exposed to the two highest concentrations (100 and 300 spheres.mL -1 ) ingested more microplastics than other treatments. There was no significant difference in the quantity of microspheres that were ingested over time and there was no interaction between concentration of microspheres and time (Table S1b) .
Effects of microplastic on larval growth and survival
The survival of T. gratilla larvae was not significantly impacted by exposure to microspheres after 5 days (p-F4, 20 = 1.19, P = 0.33, Fig. 3a) . Average survival at day five was, however, lowest for larvae exposed to 300 spheres.mL -1 (38 %), although this was not significant. Body widths of larvae ranged from 94.8 -111.4 µm (Fig. 3b) . Larvae that were exposed to the highest concentration of microspheres (300 spheres.mL -1 ) had smaller body widths compared to the control and all other treatments, except the 1 spheres.mL -1 treatment (p-F 4, 19 = 5.31, P < 0.01, followed by post-hoc pair-wise test, Fig. 3b ). Mean POA ranged from 0.40 -0.48 mm (Fig. 3c ). There was a trend of increased POA with elevated microsphere concentration, however this was not significant (p- 
Effect of food availability on the ingestion of microplastic
There was a significant effect of the presence of food (microalga, P. sulcata), on the ingestion of microspheres by T. gratilla larvae (Table S2 , Fig. 4 ). When food was absent, there was a four (1 h) to ten (6 h) fold increase in the quantity of larvae with microspheres in their stomachs. The quantity of larvae found to have ingested microspheres declined over time (Table S2 , Fig. 4 ). There was no interaction between food availability and time on the ingestion of microplastics by larvae.
Effect of biological conditioning on the ingestion of microplastics
The presence of biofouling on the microspheres influenced their ingestion by T.
gratilla larvae (p-F1, 9 = 9.97, P < 0.05, Fig. 5 ). Larvae did not ingest fouled microspheres. In contrast, 27 % of larvae exposed to non-fouled microspheres, on average, had microspheres in their stomach.
Retention of microplastics by larvae
After 60 min, 83 % of T. gratilla sampled had microspheres in their stomach (Fig. 6) .
By 120 min, this percentage had dropped to 67 %. All larvae sampled had cleared the microspheres from their stomachs after 420 mins (Fig. 6 ).
DISCUSSION
The increase of microplastics in marine systems has prompted concern about their impact on marine organisms 9 , but there is little evidence of the impact of microplastic ingestion on the fitness of marine larvae. T. gratilla larvae ingested microplastic particles suspended in the water column at concentrations ranging from 1 -300 spheres.mL -1 . There was however, no significant effect on the survival of sea urchin larvae, and only a small nondose dependent effect on larval body width. The ability of the sea urchin larvae to discriminate between food particles and microplastic, and egest non-food items from their stomachs contributed to minimising the impacts of microplastic ingestion.
We found larvae of the sea urchin T. gratilla readily ingested polyethylene microspheres suspended in the water column, adding to the list of marine larvae known to ingest microplastics, including other sea urchins 14, 24 , a sea star, brittle star, sea cucumber and sand dollar 24, 35 , polychaetes 14, 36 and bivalves 37, 38 . The ingestion of inert plastics by this wide range of larvae might be attributable to the size similarity between the microplastics and their normal food items 9 , as well as the feeding mode of larvae 38 . The marine larvae which most commonly consume microplastics are suspension feeders, which use a variety of anatomical structures to concentrate dilute food resources 24 . Positive correlations between food concentration and consumption rates have been described for a range of marine larvae [39] [40] [41] , possibly explaining why the number of T. gratilla larvae that ingested microspheres and the number of microspheres ingested per larvae, increased with elevated microsphere concentration. Similarly, a positive relationship between the concentration of microplastic and the amount of microplastics consumed has been observed for adults of the polychaete A. marina 15 .
The highest concentration of microplastics recorded in the marine environment 42 (ca.
0.1 microplastic.mL -1 ) is one order of magnitude lower than the lowest concentration used in this study (1 sphere.mL -1 ). Given that less than 2 % of T. gratilla larvae ingested microplastics when exposed to 1 sphere.mL -1 , we predict that only a small proportion of invertebrate larvae currently ingest microplastics in the ocean. Indeed, our results may overestimate microplastic ingestion by invertebrate larvae as spherical microplastics may be more readily ingested than other shapes 24 (e.g. fibres, films) which often make up the bulk of microplastics in samples from marine planktonic habitats 43 . However, if the prevalence of microplastic in the marine environment continues to increase 10 , our results suggest so too will incidences of microplastic ingestion by marine larvae. Furthermore, marine larvae are highly vulnerable to predation 44 and this may provide a route by which microplastics may become accessible to higher trophic level organisms. The transfer of microplastics between trophic levels has already been demonstrated to occur amongst adult marine invertebrates 45 .
The availability of food influenced the ingestion of microplastic by T. gratilla larvae in this study, reducing the occurrence of microsphere ingestion by a factor of 4 -10.
Although other studies have shown that marine invertebrate larvae can discriminate between particles based on size 14, 24, 38 , to our knowledge our work is the first to show that echinoderm larvae can discriminate between food and non-food items as is common for other taxa 46, 47 . As some of the highest concentrations of microplastics are found in ocean gyres 12 , ingestion of microplastics in these oligotrophic habitats may therefore be exacerbated by a lack of available food. Conversely, ingestion of microplastics in eutrophic coastal waters may be reduced because of the ability of larvae to discriminate between inert plastics and widely available food.
We found some evidence that the quantity of microplastics ingested by larvae declined over time. However as the larvae readily egested the spheres, our measurement of number of spheres in the gut was probably a function of ingestion and egestion rate. This contrasts with von Moos et al. 17 who found there was no difference in ingestion rates of microplastics by the mussel, M. edulis, over 96 h. Differences between the results of this study and von Moos et al. 17 may be due to the feeding style (filter vs. suspension) and size of the organisms. For T. gratilla larvae, two mechanisms may have contributed to the reduction in microplastic ingestion over time: 1) an increase in the nutritional status of larvae or 2) an increase in the ability of larvae to recognise non-food items. The nutritional status of larvae may determine feeding rates [48] [49] [50] and thus influence the rate of ingestion of microplastics. We used five to eight day old larvae, coinciding with the onset of feeding and the depletion of maternal provisions 30, 31 . Therefore the initial high consumption of microplastics might be an artefact of 'hungry' larvae.
It is also possible that with exposure to microplastics, T. gratilla larvae learnt to recognise their low nutritional value, and were able to identify and reject microplastics prior to ingestion. Wegner et al. 51 found the mussel, M. edulis, reduced feeding rates in the presence of plastics, and hypothesised that the mussels were able to detect the microplastic and alter their feeding behaviour. Juvenile and adult sea urchins are known to selectively feed on seaweeds and artificial diets that are highly palatable and/or nutritious 52, 53 . Marine larvae may also have the capacity to learn to avoid microplastics as ascidian larvae show simple learning behaviour 54, 55 and can store memories 55 . It is possible that the polyethylene microspheres (88%: 25 -32 µm) used in this study were distinguished from the smaller P.
sulcata (8 -10 µm) by size, as marine invertebrate larvae can discriminate between different sized particles 14, 24, 38 .
Biofilms consisting of bacteria, algae and diatoms form on submerged surfaces within minutes of entering the marine environment 56, 57 . The formation of biofilms (biofouling) on polyethylene microspheres deterred ingestion by T. gratilla larvae in this study. Other studies have found the ingestion of microplastics by echinoderm larvae 58 and adult scallops 18 is enhanced by organic coatings. These studies did not, however, allow the plastics to become fouled by biofilms. In this study, biofouling increased the size of individual microspheres and caused aggregates to form. As larval feeding is based on particle size 14, 24, 38 , such increases in size may reduce the attractiveness of microplastics to larvae. This may explain the differences in the ingestion rates of larvae in this study verses elsewhere 18, 58 . Our result should be treated with caution however as it is not known how natural biofilms form on microplastics in the ocean and how this may affect ingestion under natural conditions. Indeed the formation of biofilms and the characteristics of the microbial communities within are highly dependent on the substrate and environmental settings 59 and the conditions under which microspheres were fouled here may be different to those occurring in open ocean habitats.
Despite the high concentrations of microspheres used in this study, the ingestion of polyethylene microspheres had no significant effect on the survival on T. gratilla larvae after five days. Similarly, Besseling et al. 15 and Ugolini et al. 19 found no effect of microplastic ingestion on the survival of the adult polychaete A. marina and amphipod T. saltator. Sublethal effects of ingestion of microplastics were more apparent, manifesting as reduced larval body width. Similarly, sub-lethal effects of microplastic ingestion have been demonstrated for adult marine invertebrates [15] [16] [17] [18] . Importantly, the reduction of body width of T. gratilla larvae only occurred at the highest concentration of microplastics tested here, which is far in excess of the maximum concentration of microplastics recorded in marine habitats 42 .
The reduced body width of T. gratilla larvae exposed to 300 spheres.mL -1 may be the result of reduced feeding efficiencies associated with the ingestion of microplastics. A false sense of satiation due to the presence of microplastics in the digestive tract may reduce feeding rates 2, 4 , resulting in reduced growth or weight loss 15 . Insufficient feeding may limit larval growth 24 and indirectly prolong the planktonic larval period, ultimately decreasing survivorship and recruitment of larvae 39, 60 . There was some evidence to suggest T. gratilla larvae were responding to food limitation due to the presence of microplastics. Larvae of many urchin species exhibit phenotypic responses to reductions in food availability 61 , including T. gratilla 31 . Under oligotrophic conditions, larvae increase their ciliary band length through the extended growth of post oral arms 31, 61 . This phenotypic plasticity is thought to optimise particle capture efficiency and enhance feeding 62 . This study found trends for POA, POA:BW and POA:BL to increase with elevated microsphere concentrations, consistent with a response to food limitation. The lack of significant differences in POA, POA:BW and POA:BL found in this study may be associated with the age of the larvae. Maternal provisions sustain T. gratilla larvae for up to eight days 30 . As larvae were 12 days old on completion of this study, they may have been too young to express significant phenotypic responses.
The resilience of T. gratilla larvae towards adverse impacts of microplastic ingestion may result from the ability to egest microplastics. Similar to other planktotrophic larvae 38 , T.
gratilla egested all microplastics from their digestive system within 420 min of ingesting them, substantially faster than plastic is completely egested by adult marine invertebrates (~ 120 h, 19 ) or other marine organisms that struggle to pass plastics at all. For example, plastic may accumulate within the digestive system of crustaceans 63 and birds 64, 65 , and microplastics may translocate from the digestive tract to the circulatory system of mussels 16 .
This may have fatal consequences as plastic may block the digestive tract 4, 65 . Our result should be treated with caution however as this and other studies 38 used spherical particles which may be less likely to block the digestive tract than particles which differ in shape to natural foods (e.g. fibres 63 ).
While the ingestion of microplastics appears to have limited effect on larvae in this study, larvae may be sensitive to the impacts of smaller plastics. In marine systems, microplastics are likely to degrade and form plastics in the nanometre range 9, 66 . Nanoplastics have been shown to absorb through the chorion of fish eggs, resulting in reduced survival 67 .
Additionally, nanoplastics were later detected in the yolk and gallbladders of surviving larvae before ultimately translocating to the liver 67 . Similar translocations of nano-and microplastics have been observed in adult mussels. Nanoplastics absorbed into the gills 51 , and microplastics moved from the digestive tract directly into the circulatory system 16 . This suggests that the impacts of plastics on marine organisms may be influenced by the size of the plastic in proportion to the size of the organism. Plastic particles smaller than those tested in this study might, therefore, have a greater impact on T. gratilla larvae.
This study adds to the limited evidence of the effects of microplastic ingestion on marine invertebrate larvae. We found little evidence that microplastics at current concentrations pose a threat to planktotrophic marine larvae. This resilience appears to be related to their ability to discriminate among particles and egest microplastics within hours of ingesting them. As only effects of polyethylene on the larvae of one species in a controlled environment were investigated, the results from this study are not necessarily representative of natural biological populations. Larvae in the marine environment will be exposed to an array of polymer types, sizes, shapes and environmental conditions. Additional studies are therefore required on a broad range of species, trophic levels and polymer types to fill in the gaps on how microplastics may be affecting marine biota. Table S1a . 0, 1, 10, 100 and 300 represent the control treatment and the various microsphere concentrations, respectively. b) The quantity of microspheres consumed by larvae in each treatment. Data (± SE, n = 5) represent the significant main effect in Table S1b and, as such, are averaged over days. Letters denote significant difference between treatments. food. Letters denote significant differences between treatments with and without food (Table S2) .
Data are means ± SE, n = 5. Tables   Table S1. PERMANOVA analyses examining (a) the quantity of Tripneustes gratilla larvae that ingested microspheres and (b) the mean quantity of microspheres ingested when exposed to concentrations of 0, 1, 10, 100 and 300 spheres.mL -1 for five days. Significant differences (P < 0.05) in bold; df is degrees of freedom; MS is means square; p-F is the pseudo-F statistic generated in PERMANOVA analyses Significant differences (P < 0.05) in bold; df is degrees of freedom; MS is means square; p-F is the pseudo-F statistic generated in PERMANOVA analyses
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